We presents a new method for retrieving tropical cyclone vector winds using C-band dual-polarization SAR observations. The co-polarized geophysical model function (CMOD5.N) and a cross-polarized wind speed retrieval model for dual-polarization (C-2POD) are employed to construct a cost function. minimization of the cost function allows optimum estimates for the wind speeds and directions. The wind direction ambiguities are removed by a parametric two dimensional sea-surface inflow angle model.
INTRODUCTION
Over the last few years, great efforts have been devoted to investigate hurricane winds with conventional singlepolarization SAR data. A typical C-band RADARSAT-1 SAR image of Hurricane Ivan on September 10, 2004 was used to investigate the feasibility of retrieval of hurricane force winds utilizing conventional geophysical model functions, such as CMOD4 and CMOD5 [1] . To avoid the influence of inaccurate wind directions on wind speed inversion, a new algorithm was proposed to retrieve hurricane wind speed and wind direction simultaneously, based on the primary hurricane structure characteristics [2] . However, this method needs to be modified in some circumstances, for example, for degraded hurricanes which tend to gradually lose their circular structure, and for SAR images not containing the hurricane eye.
Recently, C-band cross-polarized ocean backscatter has been documented as being insensitive to the wind direction or the radar incidence angle, and quite linear with respect to the wind speed, and thus can be used to directly retrieve wind speeds [3] . An empirical C-band Cross-Polarization Ocean (C-2PO) backscatter model was proposed to retrieve high winds from satellite SAR data, which eliminates the need for external wind direction and radar incidence angle inputs and provides a linear response at high wind speeds for hurricanes [4] . Compared to single-polarization (HH or VV) SAR, dual-polarization (VV+VH) SAR can simultaneously measure ocean backscatters with different scattering characteristics, which provides an opportunity to investigate hurricane wind vector retrievals. The objective of this study is to develop a method to retrieve tropical cyclone vector winds with C-band dual-polarization SAR observations.
DATASET
We collected 648 RADARSAT-2 dual-polarization (VV, VH) SAR images for the time interval November 2008 to March 2011, with 39 in situ National Data Buoy Center (NDBC) buoy observations in the Gulf of Alaska, and off the East and West Coasts of the United States. The spatial and temporal windows for the collocations are required to be less than 10 km and 30 min, respectively. In addition to collocations between SAR images and buoy observations mentioned above, we also collected SFMR and H*Wind data, which were collocated with SAR images of Hurricanes Earl and Ike acquired at 22:59 UTC September 2, 2010 and 23:56 UTC September 10, 2008, respectively. SFMR measurements over Hurricane Earl were obtained during 22:30~23:30 UTC September 2, 2010. SFMR can potentially provide along-track mapping of surface wind speeds at relatively high spatial (1.5 km) resolution. For Hurricane Ike, H*Wind data were acquired at 01:30 UTC September 11, 2008. The spatial resolution of H*Wind data is 6 km. In total, the dataset consists of 1845 collocated pairs (buoy: 884, SFMR: 348, H*Wind: 613) of NRCS in VH polarization and wind speeds, which were used to develop the wind speed retrieval model for dual-polarization SAR.
METHOD
In the present study, we incorporate SFMR-measured surface winds and also H*Wind data. In total, there are 633 wind speeds above 20 ms -1 , and the highest wind speed is 39.7 ms -1 as shown in Fig. 1 , providing an opportunity to develop a high wind speed retrieval model for dualpolarization SAR observations. Fig. 1  with Eq. 1 is 0.93 and the relation is independent of external wind direction or radar incidence angles. Therefore, we have developed a C-band CrossPolarized Ocean surface wind retrieval model for Dualpolarization SAR, hereafter denoted as C-2POD. Moreover, as dual-polarization SAR provides simultaneous co-and cross-polarized ocean backscatter with different scattering characteristics, we can potentially retrieve wind vectors.
In order to simultaneously retrieve wind speed and direction, we construct a cost function involving both the co-polarized geophysical model function (CMOD5.N) and C-2POD. The cost function is: Due to the friction between hurricanes and the ocean surface, the winds inside the hurricane rotate counterclockwise and the inflow angle is towards the storm's center, in the northern hemisphere. Recent investigation [5] [5] .
In this study, the model-estimated inflow angle can be used to select the 'optimum wind direction' from the multiple of possible wind direction solutions. At each pixel location, the wind alias nearest to the counter-clockwise tangential direction, less than estimated inflow angle (toward the storm center), is chosen as the correct wind direction. In order to obtain the tangential direction at each pixel location, we use the approach [6] to determine the location of the center of the hurricane eye. Since C-2POD is not saturated under high winds, we can derive maximum wind speed from the retrieved wind speeds. Thus, the radius of maximum wind can be obtained by estimating of the distance between the hurricane eye center and the maximum wind speed location. Storm motion speed can be acquired from National Hurricane Center (NHC) 6-hourly Best-Track data. Therefore, the inflow angle is easily calculated using hurricane intensity and the motion parameters using the parametric inflow angle model. SAR wind direction determination, among the possible aliases, is therefore easily accomplished making use of the inflow angle at each pixel location.
RESULTS AND DISCUSSIONS
Figs 2a and 2b show a RADARSAT-2 SAR image of Hurricane Bill in VV and VH polarizations, respectively. The cost function uses co-and cross-polarized wind speed retrieval models (CMOD5.N and C-2POD), as well as NRCS in VV and VH polarizations and radar incidence angles, to obtain the wind speed and direction, with ambiguities. We can easily derive the hurricane intensity (maximum wind speed) and radius of maximum wind from the retrieved wind speeds. They are 34.8 ms -1 and 40.1 km, respectively. The motion speed of Hurricane Bill is given by the NHC 6-hourly Best-Track data, which is about 9.4 ms -1 . The optimum wind speeds associated with the minimum cost function are shown in Figure 2c . The storm-relative inflow angles are calculated using the hurricane intensity, radius of maximum wind and storm motion speed, with the parametric model [5] . As shown in Figure 3 , the estimated inflow angles have mean value of -22.5. As mentioned previously, the wind alias closest to the counter-clockwise tangential direction less than the estimated inflow angle (toward the storm center) is selected as the optimum wind direction. Thus, we remove the ambiguity in the solutions and obtain the final unique wind directions, which are shown in Figure 2d . For Hurricane Bill, we compare the wind speeds from C-2POD and QuikSCAT in Fig. 4a . They show good consistency even for high wind speeds (>20 ms -1 ). Fig. 4b shows the wind speeds from C-2POD versus those from CMOD5.N. It is shown that CMOD5.N wind speeds are underestimated, compared to C-2POD values, which is possibly caused by saturation of the NRCS in VV polarization, under high wind conditions and inaccuracy in the external wind direction input. Fig. 4c shows the SARretrieved wind directions versus QuikSCAT measurements. Rain has a significant impact on QuikSCAT wind speeds, but not on wind directions, except for very high rain rates [7] . We quantitatively estimate the bias, and centered root mean square error (RMSE), based on the formula proposed by [8] . Compared to conventional RMSE, the centered RMSE is not dependent on the bias. We calculate the wind direction correlation following the vector correlation ( 
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CONCLUSIONS
We have presented a method to simultaneously determine hurricane wind speed and direction with C-band RADARSAT-2 dual-polarization SAR observations. The co-polarized geophysical model function (CMOD5.N) and a cross-polarized wind speed retrieval model for dualpolarization (C-2POD) are employed to construct a cost function. Minimization of the cost function allows optimum estimates for the wind speeds and directions. The wind direction ambiguities are removed using a parametric two dimensional sea-surface inflow angle model. 
